Ozonation is known to generate biodegradable organic matter, which is typically reduced by 26 biological filtration to avoid bacterial regrowth in distribution systems. Post-chlorination generates 27 halogenated disinfection byproducts (DBPs) but little is known about the biodegradability of their 28
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Introduction 56
Ozonation has been widely used as an intermediate process to reduce disinfection byproduct 57 (DBP) formation associated with drinking water chlorination (Hua and Reckhow 2013, Sedlak and 58 von Gunten 2011). Ozonation can significantly alter the structure and reactivity of natural organic 59 matter (NOM) (Wenk et al. 2013 ) resulting in the formation of a mixture of compounds with lower 60 molecular weight and aromaticity, and higher carboxylic acid functionality (Carlson and Amy 1998 , 61 Urfer et al. 1997 ). This oxidative treatment increases the assimilable organic carbon (AOC) content 62 (Hammes et al. 2006 , Ramseier et al. 2011 ) which is of great concern for water utilities because of 63 increased bacterial regrowth potential in distribution systems. On the other hand, biofiltration can 64 take advantage of this process as a means of removing additional DBP precursors from the water 65 prior to final disinfection, while at the same time reducing AOC. 66
Several studies have shown that biofiltration can remove some DBP precursors and the 67 associated chlorine demand as well as biodegradable organic carbon which includes products 68 formed by ozonation in water such as aldehydes and carboxylic acids, among others (Chu et al. 69 2012, Gagnon et al. 1997 , Krasner 2009 , Speitel et al. 1993 , Weinberg et al. 1993 ). This can be 70 achieved because of the presence of biofilm (i.e., heterotrophic bacteria attached to a media) that 71 utilizes biodegradable NOM as a carbon source for energy production (Urfer et al. 1997 ). The 72 degree of NOM removal is affected by the characteristics of both the influent ozonated water and 73 the biofilter. The ozonated water quality varies depending on whether ozonation conditions promote 74 O 3 over hydroxyl radical ( and an indirect proof of aerobic biological activity in the filters. 141
Batch biodegradation and column filtration 142
Prior to biodegradation, ozonation experiments (pH 7) were performed on the water sample by 143 adding ozone to create ozone to DOC ratios (mg/mg) ranging from 0.4 to 1. These samples were not 144 buffered since preliminary results revealed that 1 mM phosphate (NaH 2 PO 4 ·2H 2 O, >99%, Ajax 145
Finechem, Australia and Na 2 HPO 4 ·2H 2 O, ≥99.5%, Merck, Germany) and 4-9 mM NaHCO 3 146 (>99.5%, Sigma-Aldrich, USA) inhibited biodegradation of NOM (Fig. S2a and S2b) . Instead, the 147 pH of the ozonated aqueous samples was readjusted to pH 7 using small quantities of 0.5 M HCl 148 (Merck, Germany) prior to contact with the bioactive anthracite in order to mimic the actual influent 149 pH during biofiltration in a full-scale plant. 500 mL of ozonated water sample was mixed with 170 150 g of bioactive anthracite with contact time of 7 days at ambient temperature. 151
Column experiments ( Fig. S3 ) were also performed using bioactive anthracite and BAC. 152
Filtration was carried out upflow to avoid bed compaction, clogging, and to obtain a more uniform 153 distribution of organic matter through the filter media. The biofiltration system was comprised of 4M A N U S C R I P T
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-8 -cm; length: 12 cm; manufactured at University of Queensland Glassblowing Services) containing 156 the bioactive media (bed volume = 6.5 mL), a multi-channel peristaltic pump (Sci-Q 323, Watson  157 Marlow, USA), a dissolved oxygen (DO) probe (WTW, Germany), ozonated water as feed, and 158 effluent collection bottles. The ozone dose employed for these experiments was 1.2 mgO 3 /mgDOC. 159
Each biofiltration line was connected to the columns using Norprene tubing (Cole-Palmer, USA). 160
Biofiltration experiments were performed at room temperature (22 ± 1 0 C), influent water DO of 9.0 161 ± 0.8 mg/L and an EBCT of 11 minutes. To condition the media and equilibrate influent 162 concentrations through the filter, 100 bed volumes of the ozonated water sample were pumped at a 163 rate of 0.6 mL/min prior to sampling. The effluent for this conditioning step was discarded. 164 
Biofiltration of samples treated with
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-9 -the biofilters was not measured, bioactivity was confirmed through measurements of DO 181 consumption and NO 3 -evolution (Fig. S5 ) due to the presence of nitrifiers as observed in a 182 preliminary study. Effluent collection was performed at the lowest flow rate first (0.22 mL/min) and 183 increased successively to the highest flow rate (4.0 mL/min) which corresponds to filtration at 184 decreasing EBCT (ratio of bed volume to influent flow rate). Samples were collected before 185 biological filtration and at the following EBCTs: 3, 5, 8, 11, 15, 19, 30, 39, and 55 min. In between 186 sampling at the different EBCTs, mild backwashing was done using a sample-containing syringe 187 connected online. After this step, at least 3 bed volumes of the ozonated sample were pumped 188 through the columns and discarded. This volume was assumed sufficient to flush the sample used in 189 a previous condition out of the columns. were injected into an Agilent 7890A gas chromatograph equipped with two independent electron-253 capture detector (GC/ECD) (Agilent, China) connected to a separate DB-5 and a DB- 
Results and Discussions 293
Effect of ozonation and biodegradation on formation potentials of halogenated DBPs 294
produced by subsequent chlorination 295
Ozonation 296
Ozone is known to significantly alter NOM characteristics because of its reaction towards their 297 electron-rich moieties which include activated aromatic systems, olefins, and non-protonated 298 amines. These reactions favor the effectiveness of biofiltration if it follows ozone treatment and Tables  331   S2-S6.  332 The mechanisms of Figs. 1a and 1b show example precursors for aliphatic aldehydes and 333 ketones formed from ozone. In this study CH and HK2 were found to more than double in 334 concentration at 1 mgO 3 /mgDOC that could have resulted from ring-opening of phenolic groups in 335 NOM (see decrease in SUVA in Fig. S6 ). THM4 and HAA8 decreased by about 30% and 10%, 336 respectively, after ozonation at the same O 3 dose (Table S6 ) because reaction sites for chlorine such 337 as those in activated aromatic systems, β-diketones and β-diketoacids will have already been 338 oxidized by O 3 . HAN4 and TCAM (Table S2 , 1 mgO 3 /mgDOC) also decreased in concentration 339 (HAN4 = 0.13 to 0.11 µM; TCAM = 0.014 to 0.006 µM) most likely because of the oxidation of the 340 precursor amino groups (Fig. 1c) change the resultant TCAM levels (Fig. 3g) whereas at the longer contact times in batch 374 biodegradation tests (Fig. 2g) Table S7 for a list of different biotransformation (bt) rules relevant to this 393 study). No significant change in biodegradability was associated for possible aromatic 394 hydroxylation products such as catechols (Hubner et al. 2015) . These observations support the 395 increase in SUVA after biodegradation (Fig. S6 ) since compounds with low UV absorbance are 396 consumed, decreasing the DOC and leaving behind other UV absorbing aromatic compounds (Fig.  397 S7b). The improved biodegradability of NOM also translated to a decrease in THM4, CH, and HK2 398 formation during post chlorination (shown in Figs. 2b, 2c , and 2d respectively) with the most 399 notable effects on CH and HK2 because of the readily biodegradable aldehyde and ketone 400 precursors. 401
Aerobic biodegradation of amine compounds is expected to form aldehydes and ketones 402 through oxidative removal of an alkyl substituent from an amine using dehydrogenase enzymes 403 (Gao et al. 2010) . In this biodegradation pathway (biotransformation rule bt0063 of the 404 biodegradation database shown in Table S7 ), aldehydes and ketones are produced if the leaving 405 substituent is attached to a primary or secondary carbon, respectively. Other N-DBP precursors, 406 formed by ozone, containing N-oxide, hydroxylamine, and nitromethane moieties can also be 407 biodegraded accordingly (biotransformation rules bt0408, bt0035, bt0086). These transformations 408 resulted in decreased HAN4, THNM2, and TCAM concentrations as shown in Figs. 2e, 2f, and 2g,  409 respectively. Precursors of THNM2 were observed to be very biodegradable with a decrease in 410 formation potentials of up to 98%. This decrease was mostly caused by the removal of 411 trichloronitromethane precursors. Although formed at low concentrations, tribromonitromethane 412 was found to increase because of higher bromine substitution with subsequent chlorination of 413 biodegraded water samples. This was also observed for other brominated THMs and HANs 414 confirming the known influence of the bromide to carbon ratio in DBP speciation (Fig. S8) . Since 415 bromide was not consumed as DOC decreased during biodegradation, the bromide to carbon ratio formation of more brominated DBPs. The apparent rate constants of bromine reactions (pH 7) were 420 reported to be up to 3 orders of magnitude higher than those of chlorine reactions (Heeb et al. 421 2014). In addition, better bromine substitution occurs especially for ozonated waters since 422 hydrophilic organic materials (e.g., aliphatic products of ozone) were found to be more reactive to 423
HOBr compared to hydrophobic fractions (Hua and Reckhow 2007a, Liang and Singer 2003). 424
To simulate conditions commonly encountered in actual water treatment conditions, the results 425 of the batch biodegradation experiments were confirmed using bench-scale columns with anthracite 426 and BAC (Fig. 3 , Table S3 ). The extent of DOC removal using both biofilters was similar (33-34 427 %) after an EBCT of 11 min. The results of SEC with either a UV or organic carbon detector (Fig.  428 S7) showed that this DOC decrease was a result of removal of low molecular weight compounds 429 (ca. 10 3 g/mol) consistent with their transport across cell membranes and attack by metabolic 430 enzymes during biodegradation (Nishijima and Speitel 2004 ). Similar trends were observed for the 431 DBP formation potentials suggesting that comparable enzymatic functions were responsible for 432 biodegradation in both media. All DBPs, including those that increased after ozonation (e.g., CH, 433 HK2, and THNM2), decreased compared to their initial DBP formation potential after biofiltration. 434
For AOX, a reduction of about 45% compared to non-ozonated and non-biofiltered conditions was 435 observed for samples treated with combined ozonation and biofiltration (Fig. 3h) . 436
Process optimization 437
Ozonation: Use of O 3 /H 2 O 2 before biofiltration 438
Since DBP formation potentials can be affected differently by ozone and Odegaard 2000) and can be modelled using equation (1), 476
where t is the EBCT (min), k is the specific first-order rate constant (min -1 ), P t is the concentration 478 at time t (µM), P biodeg is the biodegradable concentration (µM), and P f is the minimum contaminant 479 concentration or DBP formation potential (µM) after a certain EBCT. The model fit for DOC and 480 DBP formation potentials was carried out using the software SigmaPlot, version 13.0 (Systat 481 Software, Inc.) and resulted in the kinetic parameters summarized in Table 1 The concentrations of other non-bromine-containing DBPs such as HK2 and CH were reduced 500 significantly after biofiltration at 10 min EBCT. While their formation potentials increased after 501 O 3 /HOCl treatment (i.e., by 73% for HK2 and 111% for CH), their BAC effluent formation 502 potentials of about 0.06 µM for both CH and HK2 appeared to be the lowest attainable during 503 biofiltration. These concentrations were lower than those obtained without ozonation (i.e., HK2 = 504 0.14 µM and CH = 0.17 µM) which confirms the benefit of combined O 3 /BAC in reducing 505 formation potentials of these DBPs. The calculated rate constants for these C-DBPs (after 506 ozone/BAC treatment) were 0.50 ± 0.07 min -1 for HK2 and 0.58 ± 0.07 min -1 for CH, which were 507 highest among the rate constants determined for other DBP groups suggesting the high 508 biodegradability of CH and HK2 precursors. 509
In terms of the HAA species, dihaloacetic acid (DHAA) precursors were removed faster (k = 510 0.18 ± 0.05 min -1 ) than those of trihaloacetic acids (THAA) (k = 0.06 ± 0.02 min -1 ) (Fig. S11) . At 511 the highest EBCT (55 min) there was a reduction of 58% in DHAA and 47% in THAA in the 512 chlorinated column effluent. The slightly better removal of DHAA than THAA may suggest having 513 more biodegradable precursors (i.e., hydrophilic, low molecular weight) consistent with the findings 514 of Hua and Reckhow (2007a) .
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-23 -due to this compound's low stability (Glezer et al. 1999) . Despite HAN4 having the lowest 518 reduction in formation potential (24%, compared to formation potentials after ozonation) after 519 biofiltration at 55 min EBCT, they had a higher k value (0.40 ± 0.14 min -1 ) than THM4 which had a 520 higher removal (47%) at the same EBCT. This suggests that the biodegradable HAN4 precursors 521 (e.g., aliphatic dissolved organic nitrogen) can be removed faster than their THM4 counterparts. 522 TCNM formation potentials were found to decrease after BAC filtration confirming results 523 from previous studies (Krasner 2009 , Lyon et al. 2014 ). Lowest total concentrations were already 524 achieved at 12 min EBCT and were almost equal to the levels before ozonation. At this EBCT, 525 about 90% of the TCNM formation potential present after ozonation was removed. While good 526 TCNM removals were observed, an increase in TBNM formation potentials became apparent after 5 527 min EBCT. A similar increase in TBNM formation potentials was observed by Lyon et al. (2014) in 528 full-scale plants in SEQ that utilized O 3 /BAC. At the highest EBCT tested in the current study, 529 TBNM increased by 52% (Fig. S10b) relative to its formation potential before biofiltration. Despite 530 the contrasting trends of TCNM and TBNM, the sum of their concentrations (THNM2) could still 531 be modelled with a k = 0.48 ± 0.01 min -1 , where TBNM accounted for 77% of the remaining P f . 532 TCAM formation potentials also decreased with first-order kinetics (k = 0.16 ± 0.03 min -1 ) 533 although at a rate that was lower than for HAN4 and THNM2, suggesting differences in 534 biodegradability of their precursors. Based on the calculated rate constant, THNM2 precursors were 535 more readily biodegradable than those of HAN4 and TCAM. This supports the results of Mitch et 536 al. (2009) who showed a higher removal of TCNM compared to DHANs after sequential ozonation, 537 biofiltration, and chlorination. In their study, the median reduction of TCNM formation potentials 538 was 48% while for DHAN it was only 3%. 539
The change in effluent AOX formation potential and chlorine demand followed the trends 540 discussed above. Their first-order reaction kinetics were relatively close (between 0.11 and 0.13 541 min -1 (Table 1) ). This similarity confirms the intuitive direct relationship of AOX and chlorineM A N U S C R I P T
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-24 -demand (slope = 0.17 mg AOX/mg Cl 2 demand, R = 0.99, P=1.2x10 -9 ) as shown in Fig. S12a . AOX 543 formation was also found to correlate well with DOC (Fig. S12a, EBCTs, the percentage of known AOX remained at 48 ± 4% and the unknown AOX at 52 ± 4 %. 554
These results were comparable to many other studies that reported unknown AOX concentrations of 555 about 50% during chlorination (Reckhow and Singer 1984 , Richardson 2003 , Singer et al. 1995 . 556
As shown in Fig. S13b , the measured AOX in the current study was largely attributed to THM4 (30 557 ± 3%) and HAA8 (13 ± 0.8%) at all applied experimental conditions. These findings are similar to 558 those in a study by Hua and Reckhow (2007b) where they found 25.2% of the total AOX attributed 559 to THMs and 14.4% attributed to HAAs after ozonation (1mgO 3 /mgDOC) and subsequent 560 chlorination of a raw water sample. Other DBP groups only had minor contribution. In the current 561 study, THNM2, HAN4, HK2, CH, and TCAM could only explain 0.4%, 0.9%, 1.5%, 2.1%, and 562 0.1%, respectively, of the measured AOX. As the AOX attributed to both THM4 and HAA8 563 remained relatively constant despite differences in the measured AOX concentrations, formation 564 potentials of these two DBP groups were in a linear relationship (i.e., R = 0.98, P <1.5x10 -4 ) with 565 AOX formation potentials (Fig. S12b) . In addition to THM4 and HAA8, the AOX values were also 566 strongly correlated with HAN4 (R=0.92, P=6.2x10 
Conclusions 574
Coupling ozonation with biological treatment was found to be beneficial for DBP control. In 575 this study, we investigated the biodegradability of DBP precursors using batch biodegradation 576 experiments with bioactive anthracite and column experiments with bioactive anthracite and BAC. 577
The following conclusions from this study confirm previously published literature: 578
• Ozonation decreased the formation potentials of THM4, HAA8, HAN4, TCAM and 579 increased formation potentials of THNM2, CH, and HK2 with subsequent chlorination. 580 The following novel conclusions can be drawn from this study: 585
• For the water sample tested, the increase in formation potentials of CH, HK2, and THNM2 586 after ozonation was effectively offset by biodegradation at typical contact times regardless 587 of the initial concentration of precursors in the influent. 588
• The dynamics of removal of DOC and DBP formation potentials by biofiltration at different 589
EBCTs followed first-order reaction kinetics with a plateau of residual biorecalcitrant 590 concentration attained after approximately 10-20 min of EBCT. This study highlighted theM A N U S C R I P T
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-26 -determined rate constants may be useful in prediction of DBP formation potential reductions 593 and determine the EBCT required to attain a target DBP concentration in the treated 594 drinking water. 595
• The reduction in DBP formation potentials varied with respect to species, indicating the 596 influence of DBP precursor structure and reactivity on biodegradability. The measured rate 597 constants of DBP formation potential before reaching the steady-state concentration 598 followed this order: CH > HK2 ≈ THNM2 > HAN4 > THM4> TCAM > HAA8. 599
• Due to the increase in bromide to DOC ratio after ozonation and biofiltration, the 600 concentrations of bromine-containing DBPs (e.g., TBM, DBAN, TBNM) increased after 601 
